Rp1 is a complex disease resistance locus in maize that is exceptional in both allelic variability and meiotic instability. Genomic sequence analysis of three maize BACs from the Rp1 region of the B73 inbred line revealed 4 Rp1 homologs and 18 other gene-homologous sequences, of which at least 16 are truncated. Thirteen of the truncated genes are found in three clusters, suggesting that they arose from multiple illegitimate break repairs at the same sites or from complex repairs of each of these sites with multiple unlinked DNA templates. A 43-kb region that contains an Rp1 homolog, six truncated genes, and three Opie retrotransposons was found to be duplicated in this region. This duplication is relatively recent, occurring after the insertion of the three Opie elements. The breakpoints of the duplication are outside of any genes or identified repeat sequence, suggesting a duplication mechanism that did not involve unequal recombination. A physical map and partial sequencing of the Rp1 complex indicate the presence of 15 Rp1 homologs in regions of ‫ف‬ 250 and 300 kb in the B73 inbred line. Comparison of fully sequenced Rp1 -homologous sequences in the region demonstrates a history of unequal recombination and diversifying selection within the Leu-rich repeat 2 region, resulting in chimeric gene structures.
INTRODUCTION
In plants, a major class of disease resistance genes is involved in the detection of pathogen presence, leading to the activation of a defense cascade. Most of these resistance genes encode proteins with a nucleotide binding site and a Leu-rich repeat (LRR) region. The LRR region is believed to be involved directly in the recognition of the pathogen (Ellis et al., 2000a) . Resistance genes are abundant and highly diverse in plants (Michelmore and Meyers, 1998; Ellis et al., 2000a; Richter and Ronald, 2000; Dangl and Jones, 2001; Staskawicz, 2001; Staskawicz et al., 2001) . Numerous mutational forces act on disease resistance genes, including point mutations, unequal recombination, gene conversion, and transposon activity, all providing the raw material on which natural selection may act.
Many disease resistance genes exhibit diversifying selection, in which nonsynonymous substitutions exceed synonymous substitutions within an LRR domain or domains. These include resistance genes belonging to the RGC2 family of lettuce, Cf-4 / Cf-9 homologs of tomato, and the Xa21 family of rice (Parniske et al., 1997; Song et al., 1997; Meyers et al., 1998b) . Diversifying selection appears to be particularly strong in the xxLxLxx consensus sequence of the LRR region, which encodes the part of the protein that should be exposed to solvent and involved in ligand binding (Kobe and Deisenhofer, 1995) .
Many of the resistance genes in plants are arranged in clusters, including Cf-4 / Cf-9 , I2 , and Pto of tomato, N of flax, RGC2 of lettuce, RPP5 of Arabidopsis, and Xa21 of rice (Martin et al., 1994; Parniske et al., 1997; Song et al., 1997; Meyers et al., 1998a; Simons et al., 1998; Noel et al., 1999; Dodds et al., 2001) . It is probable that the resistance genes within a cluster were generated originally by unequal crossing over. Within these resistance gene clusters, meiotic instability caused by unequal recombination can generate novel alleles with new disease resistance specificities (Richter et al., 1995) .
Transposable elements play an important role in the evolution of disease resistance genes (Michelmore and Meyers, 1998; Richter and Ronald, 2000) , as they do for all other plant genes (Wessler et al., 1995) . Two elements of the same family inserted within a resistance gene region provide an opportunity for gene duplication by unequal crossing over. Insertion of transposons can create interrupted disease resistance genes, as seen in Arabidopsis RPP5 , flax N , maize Hm1 , and rice Xa21 homologs (Song et al., 1997; Multani et al., 1998; Noel et al., 1999; Dodds et al., 2001) . The insertion of a few amino acids in an L6 allele of flax was caused by the insertion and subsequent excision of a transposable element .
Rp1 is a complex locus in maize that confers resistance to Puccinia sorghi , a fungal rust pathogen. Several Rp1 genes map within a region of ‫ف‬ 0.4 centimorgan (cM) near the telomere on the short arm of chromosome 10 (Saxena and Hooker, 1968) . Most Rp1 genes are meiotically unstable (Bennetzen et al., 1988) . Unequal recombination, including conversion, is observed frequently in the Rp1 region (Sudupak et al., 1993) . Rp1-D and eight paralogs from the Rp1-D haplotype have been cloned and sequenced (Collins et al., 1999; Sun et al., 2001) . One of the nine Rp1 homologs was truncated. Sequence analysis indicated that maize Rp1 genes undergo diversifying selection in an LRR region (Sun et al., 2001) . Although the sequence relationships of resistance genes in the Rp1 region have been investigated, their physical organization has been estimated only crudely (Sun et al., 2001 ). In the absence of this structural information, it is not possible to describe accurately the chromosomal rearrangements that gave rise to current Rp1 haplotypes and that continue to generate diversity in this region.
In the present study, we sequenced and analyzed two segments that constitute 195 kb of the maize Rp1 gene region. In addition, we mapped the Rp1 complex to a series of overlapping clones that form two contigs of 300 and 450 kb. These studies reveal the genomic organization and suggest some of the molecular events that have contributed to the creation of this complex locus. Many of these modes of regional evolution have been detected at other genes, including complex resistance loci, but two detected phenomena are unprecedented in any region of any genome: nearly exact duplications of 43 kb of DNA that are separated by Ͼ 300 kb, and several clusters of unrelated gene fragments inserted between the resistance genes.
RESULTS

Sequence Analysis of Maize Rp1 BACs
To study genomic organization at the Rp1 locus in maize, BACs Zm163K15, Zm238E11, and Zm206C17 were selected by their hybridization to a probe from the 5 Ј end of the Rp1-D gene (Collins et al., 1999) . In the first small library that we screened, these were the only clones that were found, and preliminary restriction mapping indicated that they did not overlap. These clones were isolated from a BAC library that was constructed from B73, a standard maize inbred line. These three BACs were sequenced fully by a shotgun approach (Dubcovsky et al., 2001) . The final error rate was less than one base per 10 kb, and all of the finished sequence was of high quality (PHRED value of 25 or more, see www.phrap.org/phrap.docs/phred.html). The maize DNA in BAC Zm163K15 consists of 95,078 bp and has two Rp1-homologous genes ( rp1-1 and rp1-2 ). This BAC also contains 12 other gene-homologous sequences (of which at least 10 are truncated), 3 full-length Opie retroelements (SanMiguel et al., 1996) , and 1 PREM-1 retroelement (Turcich and Mascarenhas, 1994) (Figure 1 ). The two Rp1 homologs are in direct orientation, ‫ف‬ 68 kb apart. BACs Zm206C17 and Zm238E11 were found to overlap for most of their length, yielding exactly identical sequence for 73,026 bp. The maize DNA in the Zm206C17/Zm238E11 contiguous sequence (contig) is 99,156 bp and harbors two Rp1 homologs ( rp1-3 and rp1-4 ) plus six other gene-homologous segments (all truncated) and six retrotransposons. The two Rp1 homologs are in the same orientation, ‫ف‬ 38 kb apart. In addition, there are several truncated retroelements on each of these BACs. Identified retrotransposon sequences constitute ‫ف‬ 70% of Zm206C17/Zm238E11 and 45% of Zm163K15.
An ‫ف‬ 43-kb region (42,366 bp in Zm163K15 and 42,860 bp in Zm206C17/Zm238E11) was duplicated on these two BACs. This duplication contains one Rp1 homolog, six truncated genes, and three Opie retrotransposons. Truncated genes 7 through 12 of Zm163K15 correspond to genes 1 through 6 of Zm206C17/Zm238E11. A deletion of 488 bp corresponding to part of the truncated helicase-like transcription factor gene is observed in Zm163K15. Comparison of the duplicated region identified insertions/deletions (indels) of 3, 5, 19, and 20 bp. Most of the indels (3, 5, and 19 bp) contained perfect short direct repeats in one of the 43-kb duplicated segments. In Zm163K15, the 3 Ј boundary of the 43-kb duplication is located ‫ف‬ 2 kb downstream from the predicted stop codon of the rp1-2 gene. Ignoring indels, these 43-kb segments are Ͼ 99% identical. In Zm206C17/ Zm238E11, the 5 Ј boundary of this duplication is situated ‫ف‬ 1 kb downstream of the rp1-3 gene and the 3 Ј boundary is situated ‫ف‬ 2 kb downstream of the rp1-4 gene (Figure 1 ).
Genes and Truncated Genes
Within the Rp1 region sequenced, we identified six loci that appear to be functional genes. Four of these genes are Rp1 homologs, and they contain uninterrupted reading frames similar to the functional Rp1-D gene. Although B73 does not have any known Rp1 gene that provides resistance to any identified race of P. sorghi , it is possible that an Rp1 homolog in B73 does specify resistance to some extinct or otherwise unidentified rust pathogen race. Rp1 homologs from this study show 87 to 100% identities over an 800-bp region with maize B73 ESTs (BQ577730, AI947572, BM347712, and BI992969), indicating that some Rp1 -homologous genes in this complex are expressed in this inbred line.
Unlike other complex disease resistance loci, the Rp1 region contains two apparently intact genes within the cluster that play no obvious role in disease resistance (genes 4 and 5 of Zm163K15; Figure 1 ). Gene 4 exhibits homology with Arabidopsis (AP002820; E value ϭ 8e Ϫ 91) and rice hypothetical proteins with no similarity to any ESTs. Gene 5 shows homology with rice unknown (AC087723; E value ϭ 4e Ϫ 19) and hypothetical proteins with 91 and 96% identity with maize ESTs (H89387 and AW424864) over a 440-bp region.
Genes were classified as truncated when the Basic Local Alignment Search Tool (BLAST) X program detected homology with only part of a protein entry in the GenBank database (Table 1 ). The presumed translated protein products of most of these truncated gene fragments were homologous with protein products encoded by genes in Arabidopsis. This homology was limited only to N-terminal, C-terminal, or central portions of the protein. For instance, the predicted protein product of the truncated gene 3 of Zm163K15 is homologous with amino acids 392 through 615 of the 1042 amino acids specified by a maize calcium ATPase gene (AF09687). Four of the truncated genes in Zm163K15 exhibited significant EST matches. Some of the truncated genes have well-defined introns and exons supported by hits to ESTs. For example, truncated gene 12 of Zm163K15 is homologous with exons 2, 3, and 4 plus introns 2 and 3 of the maize Suc phosphate synthase gene (M97550). Five truncated genes (genes 7 to 11) in Zm163K15 are present in a cluster of ‫ف‬ 5 kb.
Physical Order of the Rp1 Genes in Maize Inbred Line B73
A physical map of the rp1 region was made to determine the positions of the sequenced Rp1 homologs within the genome of B73 maize. Thirty-three maize BACs that hybridized to an Rp1 probe were identified from a large insert BAC library of maize inbred line B73 (www.chori.org/bacpac). The restriction enzymes NotI, MluI, PacI, SwaI, and NcoI were used to generate a physical map based on overlapping restriction fragments. Gel blot hybridization analysis with the Rp1 5 Ј probe and a subclone of the truncated Suc phosphate synthase-like gene (next to rp1-2 and rp1-4 ) was used to confirm the physical map. Furthermore, PCR amplification using primers that amplify the truncated Suc phosphate synthase-like gene and the truncated ATPase-like gene (present near rp1-1 ) also was used to confirm the order of the BACs in the Rp1 gene cluster. The truncated ATPase-like gene was present in Zm163K15 but was absent in Zm206C17/Zm238E11. The truncated Suc phosphate synthase-like gene was part of the 43-kb duplicated region and therefore was present on both BACs. Interestingly, neither of these probes hybridized or amplified fragments from other regions within the rp1 complex ( Figure 2 ). Based on the locations of these fragments, we were able to conclude that the 43-kb duplications (and the included Rp1 homologs) are part of two contigs within the B73 Rp1 gene cluster. In all, the two BAC contigs covered ‫003ف‬ and 450 kb. All of the Rp1-homologous sequences were mapped to a region of ‫052ف‬ and 300 kb within these two contigs (Figure 2 ). Because we do not have any definitive information concerning the relative locations of these two contigs (other than their adjacent locations on the short arm of chromosome 10 by recombinational mapping [Hulbert and Bennetzen, 1991] ), we cannot say which of these two segments should be placed on the left or the right side of Figure 2 , nor can we draw any conclusions about the distance between them.
The number of Rp1 genes in the contigs was determined by hybridization of NcoI-digested BAC DNAs with the Rp1 5Ј probe and low-pass sequencing of five additional BACs in the region. Our sequence analysis of the two segments of the maize genome harboring four Rp1 genes indicated the presence of unique bands hybridizing to three NcoI fragments (6.1, 4.4, and 8.3 kb). The fourth gene (rp1-4) was part of the duplicated 43-kb region, so the NcoI fragment is the same size as the NcoI fragment for rp1-2. A previous report by Sun et al. (2001) suggested that the number of NcoI hybridizing fragments corresponds to the number of Rp1 homologs. However, our data demonstrate that some Rp1 homologs can be on NcoI fragments of the same size, as seen here for rp1-2 and rp1-4. In addition, more than one hybridizing band per gene would be observed if there were an NcoI restriction site in the 5Ј region of any Rp1 gene covered by the probe. As a result of the complex nature of the Rp1 locus, with multiple resistance genes in close vicinity and multiple duplications involving large genomic segments, low-pass sequencing of BACs Z486N13, Z526K02, Z337N17, Z418K17, and Z438O20 was performed to confirm the physical map. Based on sequencing and NcoI fragments harboring Rp1 homologs, we identified 15 Rp1 homologs in the Rp1 region (Figure 2) .
Analysis of the Rp1 Homologs
The four Rp1 homologs sequenced in this study were compared with the Rp1-D gene that had been cloned and sequenced (Collins et al., 1999) and with each other. Rp1-D is the only sequenced Rp1 homolog that is known to provide disease resistance. The nucleotide sequence identities range from 90.8% (between rp1-1 and rp1-3) to 99.9% (between rp1-2 and rp1-4), corresponding to 351 and 1 nucleotide differences, respectively. rp1-1 was similar to rp1-3 in the N-terminal region of the gene, whereas rp1-2 and rp1-4 were most similar to Rp1-D (Figure 3 ) in this region. For these analyses, it is useful to evaluate several different domains in the putative RP1 proteins separately. In particular, three domains in the LRR region exhibit different repeat patterns: the LRR1 region (LRRs 1 to 11), domain C (LRRs 12 to 14), and the LRR2 region (LRRs 15 to 27) (Collins et al., 1999) . In the first LRR domain, the LRR1 region, there is an apparent recombination breakpoint at which rp1-3 becomes similar to Rp1-D, rp1-2, and rp1-4 after a region in which there is a 3-bp deletion in rp1-3 and a 15-bp deletion in rp1-2 and rp1-4 compared with Rp1-D. There are several such regions downstream of the LRR1 region that give rise to a mosaic gene pattern. Nine adjacent amino acids were missing in rp1-2, rp1-3, and rp1-4 compared with Rp1-D and rp1-1 after the 13th amino acid of the fourth LRR unit. In another region downstream of LRR1, rp1-2, rp1-3, and rp1-4 had five more amino acids than Rp1-D and rp1-1 in the seventh LRR unit. In the LRR2 region, the number of amino acids was identical in all five Rp1 homologs. 
Diversifying Selection
Like other plant disease resistance genes, Rp1 homologs have been shown to be under divergent or diversifying selection, especially in the LRR2 region (Sun et al., 2001 ). Sliding-window analysis (Proutski and Holmes, 1998) was performed with a window size of 150 bp to identify specific regions of the Rp1 homologs that are subject to diversifying selection. Our analysis shows that specific regions corresponding to the C domain and the LRR2 region are subject to diversifying selection (Figure 4 ). Varying degrees of selection were observed in different comparisons. For instance, comparison of rp1-1 with Rp1-D showed maximal diversifying selection in the C domain, which was found to be statistically significant (P Ͻ 0.05), even at this small window size. Purifying selection was observed throughout the nucleotide binding site and LRR1 regions for most of the pairwise comparisons. From these results, it appears that sliding window analysis is a particularly powerful tool for the identification of selected domains, with more discrimination power than a simple nonsynonymous substitution/synonymous substitution ratio for the entire LRR region.
Assessment of Retrotransposon Insertion and Regional Duplication Dates
The insertion dates of full-length retrotransposons can be estimated from the divergence of their long terminal repeats . In addition, we can use sequence divergence within the 43-kb duplicated segments to approximate when this duplication occurred. The number of substitutions per site was estimated using the Kimura twoparameter method, which corrects for multiple hits and takes into account transition and transversion substitution rates (Kimura, 1980) . The synonymous substitution rate for the adh1 and adh2 genes of grasses (6.5 ϫ 10 Ϫ9 substitutions per year per site) was used to estimate the insertion Table 2 ). The Grande element in Zm238E11 seems to be the most recent insertion, because its long terminal repeats are still identical. All of the other retrotransposons in the two BACs were inserted Ͻ1.5 million years ago. Comparison of the Opie elements within the 43-kb duplicated regions of Zm163K15 and Zm238E11 indicated that they began to diverge from each other within the last 0.2 million years (Table 2) , consistent with the divergence time predicted by the one-nucleotide difference between rp1-2 and rp1-4. Based on these results, we conclude that the duplication of the 43-kb maize segment occurred within the last 0.2 million years, long after the insertion of the three retrotransposons in this duplicated region.
DISCUSSION
Rp1 is a complex disease resistance locus that shows meiotic instability as a result of unequal crossing over (Bennetzen et al., 1988; Sudupak et al., 1993; Richter et al., 1995; Collins et al., 1999) . We studied the sequence organization and evolution of this region by sequencing three BACs covering ‫591ف‬ kb of the Rp1 region from maize line B73, an inbred line with no known Rp1 resistance specificity. Several interesting features were revealed that indicate the dynamic nature of this locus. The duplication of a 43-kb segment shared by the two BACs was identified. From our physical map, we conclude that these duplicated segments are separated by at least 300 kb. Although unequal recombination can create adjacent direct duplications of a very large size, from a few base pairs to hundreds of kilobases, there is no known single-step mechanism that can generate duplications of more than a few base pairs that are several kilobases apart. The boundaries of this 43-kb duplication are located outside of the Rp1 homologs. Therefore, the duplication of the 43-kb segment probably did not involve unequal recombination sited within Rp1 homologs. However, the instability of this region makes it likely that the current state of the region is the product of numerous rearrangement events. Regardless, at least two of these rearrangements must have had boundaries outside of the Rp1 homologs to generate the current B73 Rp1 region.
Comparison of the 43-kb duplicated segments revealed the presence of several indels. The presence of direct tandem repeats suggests that replication slippage, illegitimate recombination, and/or transposable element excision were responsible for these indels. The small number of differences within the 43-kb region indicates that this duplication occurred very recently, within the last 200,000 years. Recombinational studies and investigations of locus instability (Bennetzen et al., 1988; Sudupak et al., 1993; Richter et al., 1995; Sun et al., 2001 ) all have suggested that unequal recombination and/or other rearrangements in the Rp1 region can occur at rates of up to a few tenths of a percent per meiosis in some alleles or allelic combinations, so recent rearrangements are expected.
Several truncated gene fragments were detected next to the Rp1 homologs in the two BACs. Such truncated genes have been reported in a few disease resistance gene clusters in plants and also in duplicated segments of the human genome (Parniske et al., 1997; Meyers et al., 1998a; Noel et al., 1999; Holub, 2001; Emanuel and Shaikh, 2001 ). For instance, the Cf-4/Cf-9 cluster contains several copies of one truncated gene that is similar to plant lipoxygenases, whereas the Dm region of lettuce has three gene fragments that have homology with a few hundred base pairs of a cyclin gene (Parniske et al., 1997; Meyers et al., 1998a) . In addition, eight truncated copies of a Ser/Thr protein kinase gene and a 5S rRNA gene were observed in the Arabidopsis RPP5 locus (Noel et al., 1999) . In humans, segmental duplications involved in genomic disorders sometimes contain truncated genes (Emanuel and Shaikh, 2001 ). In the B73 Rp1 region, we found numerous truncated genes, often arranged in clusters. Truncated genes are relatively rare in plants, and no clustering of such genes has been reported to date. We believe that the accumulation of these elements in the Rp1 complex that we have discovered may be an outcome of the general instability of this region.
Double-stranded breaks are critical lesions in genomes that can be repaired by illegitimate or homologous recombination. In large genomes, such as that of tobacco, 40% of observed deletions in one study were accompanied by the insertion of filler sequences, whereas no large deletions or insertions were observed during double-stranded break repair in Arabidopsis (Kirik et al., 2000) . Filler DNA was associated in maize with spontaneous wx and bz1 deletion alleles (Ralston et al., 1988; Wessler et al., 1990) and at the breakpoints of several spontaneous Ac deletion derivatives (Yan et al., 1999) . The presence of discontinuous stretches of sequences in maize r-r alleles also was attributed to this gaprepair mechanism (Walker et al., 1995) . In the illegitimate recombination process of gap repair, short stretches of heterologous DNA with very little sequence homology with the gap boundaries (often not more than 1 or 2 bp) can serve as a template to fill the gap between two broken ends. Although these fragments often consist of genomic DNA, long interspersed nuclear element DNAs and genic cDNA fragments have been inserted at the sites of DNA breaks in yeast and mammals (Moore and Haber, 1996; Teng et al., 1996) . Hence, double-stranded break repair offers a mechanism for spreading sequences into new chromosomal locations. In general, though, it is rare for a filler sequence to contain an uninterrupted open reading frame over its entire length (Salomon and Puchta, 1998) . In the B73 Rp1 region of maize, we do not know whether genes 4 and 5 of BAC Zm163K15 are genes that have been intrinsic to this region for many millions of years or whether they represent unusually large filler sequences.
The numerous truncated genes in the maize Rp1 region suggest that a high frequency of DNA breakage occurs in this region and that the truncated loci have been acquired as fillers in double-stranded break repair. The fact that the truncated genes are clustered also implies that the breaks must occur frequently at the same locations or that numerous fillers were needed to deal with the gaps that were created. The appearance of rare truncated genes at other complex resistance loci, although at lower abundances, suggests that double-stranded breaks may be unusually frequent in all complex resistance loci but just more so in the highly unstable Rp1 locus.
Genomic regions that exhibit high levels of recombination are usually gene rich in eukaryotes Farris et al., 2000; Fu et al., 2001 ). The maize Rp1 complex varies tremendously in recombinational "size" from experiment to experiment, depending on the haplotypes that are paired. In a standard case, the most distal Rp1 resistance determinants are ‫4.0ف‬ cM apart (Saxena and Hooker, 1968) . In our studies, the most distant Rp1 homologs are at least 550 kb apart, amounting to Ͼ1.3 Mb/cM. This finding suggests somewhat less recombination in the Rp1 area than the predicted average number for a maize genome that is ‫0042ف‬ Mb in size and has a genetic map of ‫0052ف‬ cM (Arumuganathan and Earle, 1991) . However, in a previous study, markers Each data point represents a window size of 150 bp. Nonsynonymous substitution/synonymous substitution (Ka/Ks) values Ͼ1, ‫,1ف‬ and Ͻ1 indicate diversifying, neutral, and purifying selection, respectively. Abbreviations are as in Figure 3. ksu3/4 and ksu16 (bnl3.04), which are separated by ‫4ف‬ cM and which flank the Rp1 region (Hulbert and Bennetzen, 1991; Hong et al., 1993) , were estimated to be ‫056ف‬ kb apart based on fluorescence in situ hybridization (Jiang et al., 1996) . That study suggested a recombination rate of ‫061ف‬ kb per cM, approximate sevenfold higher than average. These results reconfirm earlier observations that the Rp1 region can be a hot spot for meiotic recombination in some homozygotes or allelic combinations but may be relatively deficient in recombination in other haplotype combinations. The low recombination rates in some combinations may be caused by dissimilar sizes and compositions of the regions between these highly divergent alleles, by inversions in some or all of the Rp1 paralogs present, or by a physically short distance between the Rp1 homologs that actually provide a scorable trait (race-specific disease resistance).
Unequal recombination can be localized within genes and is often sited in the repeats in the LRR region, as observed in mutants at the M locus in flax and in RPP5 in Arabidopsis Noel et al., 1999) . However, in haplotypes of the Cf-4/Cf-9 region, unequal recombination within the complex was sited primarily at a specific location that was not within a resistance gene (Parniske et al., 1997; Parniske and Jones, 1999) . The breakpoints in novel RGC2 haplotypes were between rather than within RGC2 genes (Chin et al., 2001 ). In the Rp1 homologs studied by Sun et al. (2001) , all but two of the detected unequal recombination events were resolved within the Rp1 homologs themselves. However, each of these unequal recombination events was identified because it altered a resistance phenotype, an outcome that may be most likely to occur if recombination is sited within a resistance gene. Future studies of "unselected" recombination or rearrangement events (perhaps like the 43-kb duplication seen in this study) may provide a less biased indication of how often resistance genes are the sites of unequal recombination events.
Unequal or equal recombination within the LRR repeats can expand or contract LRR repeat numbers and make chimeric repeats, thereby potentially altering the recognition specificity of the gene (Ellis et al., 2000b) . Hence, recombination at intragenic locations should provide outcomes that are most likely to be selectively advantageous. Alternatively, a specific mechanism to site recombination events within particular regions of resistance/recognition genes might evolve to promote resistance gene diversification (Bennetzen and Hulbert, 1992) . In the Rp1 region, our data indicate that numerous equal or unequal recombination events have boundaries located within the LRR domains, particularly in LRR2. This finding suggests that this area is actively selected for diverse sequences.
Diversifying selection in the LRR regions allows plant disease resistance genes to keep up with rapidly evolving pathogen populations. In general, the N-terminal nucleotide binding site region shows purifying selection as expected as a result of its proposed role as an obligatory effector domain involved in signal transduction (Baker et al., 1997) . The LRR regions participate in direct recognition of pathogen-derived avirulence factors, so their potential for variation is highly important. In this study, we show that sliding-window analysis can provide a particularly precise indication of the sites in resistance genes that are under diversifying or purifying selection.
Transposons are important players in the evolution of all plant genes and all aspects of genome structure (Wessler et al., 1995; Bennetzen, 2000) . In some cases, resistance gene inactivation and diversification have been caused by transposable elements. For instance, an insertion in maize Hm1 was responsible for the breakdown of fungal resistance in many commercial breeding populations (Multani et al., 1998) . Insertion of the transposable elements Retrofit and Truncator resulted in truncated open reading frames of rice Xa21 gene family members (Song et al., 1997) . It is not known whether the retrotransposons or other transposable elements in the vicinity of the B73 rp1 cluster have any effect on Rp1 gene function or evolution.
The regions sequenced are unusual in their deficiency of miniature inverted repeat transposable elements (Bureau and Wessler, 1994) . These elements are abundant throughout plant genomes, especially in genic areas (Wessler et al., 1995; Tikhonov et al., 1999; Jiang and Wessler, 2001 ). It is not clear why there are only two miniature inverted repeat transposable elements in this region compared with the average of three or more per gene that we observed in other regions of the maize genome (Tikhonov et al., 1999) . The Zm206C17/Zm238E11 BAC contig and BAC Zm163K15 exhibit retrotransposon contents of 70 and 45%, respectively, similar to the retrotransposon contents reported in the maize adh1 region (74%) (Tikhonov et al., 1999) and for the entire maize genome (50 to 75%) Meyers et al., 2001) . Hence, the meiotic instability of the Rp1 region does not seem to have removed most repetitive DNAs. Future studies can use retrotransposons as tools to date the history of changes in different rp1 haplotypes and also can investigate the degree to which these abundant elements may have altered Rp1 region structure and gene function.
METHODS BAC Selection, Restriction Map, and Sequencing
An Rp1 5Ј probe, as described by Sun et al. (2001) (kindly provided by Scot Hulbert, Kansas State University, Manhattan, KS), was used to screen a maize (Zea mays) B73 BAC library (Genome Systems, St. Louis, MO). Restriction maps of BACs Zm163K15, Zm206C17, and Zm238E11 were constructed to experimentally validate sequence assembly. BACs were digested with the restriction enzymes AscI, NotI, PacI, PmeI, and SwaI. Restriction fragments were separated by field inversion gel electrophoresis on 1% agarose gels, transferred to nylon membranes, and hybridized with the Rp1 5Ј probe. Shotgun libraries for BACs Zm163K15, Zm206C17, and Zm238E11, sequencing, and analysis were as described by Dubcovsky et al. (2001) . For finishing the sequences of the BACs, gaps were closed by a combination of different approaches, including the use of different sequence chemistries, use of the thermofidelase enzyme, PCR amplification of gaps, shotgun sequencing of transposon-inserted subclones that flank a gap, and direct sequencing of BAC template. When gaps were caused by repetitive regions, subclones that either started or ended in unique regions with the remaining portion in the repetitive region were assembled separately and inserted into the main assembly.
Construction of a Physical Map
A large insert B73 maize BAC library (www.chori.org/bacpac) was screened with the Rp1 5Ј probe. A total of 33 positive BACs were identified, and these clones were mapped using different combinations of MluI, NcoI, NotI, and SwaI. Fragments were size-fractionated by field inversion gel electrophoresis. The DNAs in the gels were transferred to nylon membranes and hybridized with the Rp1 5Ј probe and a probe that contained a truncated Suc phosphate synthase-like gene identified in the region by sequence analysis. Fragments observed on the agarose gel were compared between BACs to identify common fragments. This map also was compared with the maize genome physical map that is in preparation at the Arizona Genomics Institute (www.genome.arizona.edu/fpc/maize/).
Sequence Analysis
Annotation and sequence analysis were performed as described previously (Dubcovsky et al., 2001) . FGENESH (http://www.softberry. com/berry.phtml) with the monocot training set was used for gene prediction, in addition to GENSCAN (http://genes.mit.edu/GENSCAN. html) and GeneMark.hmm (http://opal.biology.gatech.edu/GeneMark/ eukhmm.cgi). The criteria used to define a gene were as follows: (1) a match to a sequence in a protein database using BLASTX (Altschul et al., 1997) ; (2) a match to ESTs or cDNAs; or (3) prediction as a gene by two or more gene prediction programs. These criteria were used after excluding identified transposons.
All of the Rp1 homologs and retrotransposons were aligned using CLUSTAL X (Thompson et al., 1997) . Rates of nucleotide substitution were estimated using the distance measures of Nei and Gojobori (1986) and the Jukes-Cantor correction as implemented in the MEGA2 (Molecular Evolutionary Genetic Analysis) package (Kumar et al., 2001 ). Synonymous substitution rates were estimated as implemented in MEGA2. Divergence times (T) were estimated for retrotransposons using k ϭ K/2T, where k is the absolute rate of synonymous substitution per site per year for the adh1 and adh2 genes in grasses and K is the estimated number of substitutions per site between sequences using the Kimura two-parameter method (Kimura, 1980) . A 2 ϫ 2 contingency table G test was used to test for the significance of differences in synonymous and nonsynonymous substitution rates .
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